Pia" is derived when gradients of guiding centre drift across the magnetic field are present. It is shown that for high frequency waves (U >> klluti) cross field shear in the relative velocity of ions and electrons can generate strong electrostatic and electromagnetic instabilities. Turbulence-induced anomalous viscosity is briefly discussed.
INTRODUCTION
THE PROBLEM of the stability of inhomogeneous plasma streams has attracted considerable attention in the past. In principle, two approaches are possible. The first deals with phenomena, in which boundary conditions play an essential role, such as with Kelvin-Helmholtz like instability of surface waves (DUHAU et aZ., 1970; OSHAWA and NOSAKI, 1976) or localized plasma beams (ZHELEZNYAKOV and RUKHADZE, 1972) .
The second uses a W.K.B. or local approximation ( S m and VON GOELER, 1968; HIROSE and ALEXEFF, 1973) as in the theory of drift waves (KRALL and ROSENBLUTH, 1965) , and is valid as long as the wavelengths of the modes are much shorter than the typical scale length of the inhomogeneity.
In this paper the latter approach will be used to derive a dispersion relation for electromagnetic and electrostatic (drift) waves in a medium p plasma (p = 8 mT/Bo2) with cross-field velocity gradients. When (m,/mi)llzsp<< 1, one can neglect the diamagnetic current due to field gradients. To simpllfy the mathematics we shall neglect the compression of the magnetic field, (VXE),~= -i % = O , c at where B,, is the component of the wave-magnetic field along the ambient field Bo.
We then can write (KADOMTSEV, 1965; HASEGAWA, 1975) :
where the ambient magnetic field is taken in the z-direction. Here 4 and + are the longitudinal and transverse potential, respectively. In order to be able to make a local approximation, we shall assume the waves to be polarized in the y-z plane (Fig. 1) .
It will be shown that velocity gradients can give rise to instabilities. These instabilities can be of importance for the occurrence of anomalous transport processes, such as anomalous viscosity, as was shown by HIROSE and ALEXEFF (1973). 
THE DISPERSION RELATION
We consider a plasma with an ambient magnetic field Bo in the z-direction with a gradient in the density, and the guiding centre drift velocity of the particles, in the x-direction.
The equilibrium distribution function has to be constructed from the constants of motion: mc where q and m are the particle change and mass respectively, and sin 8 = vy/v,. 
The linearized Vlasov equation
and by expressing B, in terms of 4 and + through the induction equation: where qu and mu are particle charge and mass respectively, and flu =-q30 is the cyclotron frequency. U denotes particle species. The dispersion relation is obtained by substituting this expression into Maxwell's equations:
The displacement current has been neglected (w/k,c-c).
wellian:
As the equilibrium distribution function fou we choose a local drifting Maxwhere Tu denotes the kinetic temperature of species U in energy units, and
Using an expansion in x, Maxwell's equations (6) and (7) can then be written as:
where:
Pa, The function W(2) is defined by
and is closely related to the well known Plasma Dispersion Function (ICHIMARU, 1973, p. 56) . Its expansion for small and large arguments is given by:
The dispersion relation now follows from (9):
Electrostatic modes can formally be found by taking the limit c + cc in (13). Their dispersion relation reads:
which could also have been obtained directly from (6). When no velocity shear is present (5, = 0) this expression reduces to that found by ICHIMARU (1973, p. 170) for electrostatic drift waves. Much of the apparent complexity of expressions (10) for the matrix elements disappears when V,, = 0, (3, = W .
. VELOCITY GRADIENT INSTABILITIES
In this Section, instabilities due to the gradient in the drift velocity of ions and electrons are considered.
We shall demonstrate that low frequency electrostatic modes can be driven unstable by shear in the ion drift velocity, whereas the (modified) electron plasma mode (w -ope), and the drift-Alfv6n mode are most effectively destabilized by shear when there is a relative velocity between ions and electrons.
A. Electrostatic waves
We assume that the electrons drift with a velocity U with respect to the ions, i.e. Vo,(0) = 0, V,(X) = U(X).
After some algebra, taking only the P = 0 terms into account, (14) reduces to: 
Ti
When both ions and electrons drift with the same velocity, (U = 0), we can neglect 5e ---me ti with respect to unity. 
This dispersion relation was first derived by DANGELO (1965) from a fluid treatment.
The density gradient is seen to be stabilizing. Instability will set in when 1 we*2 4 k,fc,2 &>l+--where c, = (Te/q)'/'.
When no density gradients are present, (16) becomes a modified ion-acoustic wave (~~~I A L O V S K I I , 1974a):
with maximum growth rate
The instability calculated above corresponds to a 'Kelvin-Helmholz' instability. The dispersion relation (16) is correct in the frame where the fluid is locally at rest. When U# 0 there is a current in the plasma, and this can give rise to a current driven ion acoustic instability. We assume 5, << ei 1 so that there is no KelvinHelmholz instability. Nevertheless, the effect of ion-velocity shear on the resonant instability is profound. As can easily be derived from (15), the growth rate of the instability is given by (oe*=O):
When ti > 1 this expression is not valid, and we must use (17) and (18). The ion velocity shear is seen to have a stabilizing (destabilizing) effect when ti <O (ti >O).
When Te >>Ti the critical streaming velocity U, at which the system becomes unstable is given by U , = cs(1-&)'l2. When only electron guiding centre shear is present, we find:
The velocity shear necessary to produce an instability from electron drift is mdm, times greater than that needed in the case of shear in the ion drift velocity. Taking the P = 0, *1 terms into account (14) reduces to
In the case of a weak magnetic field (ope >>a,) and o -wpe, we can approximate There is only an instability when there is a gradient in the relative velocity of electrons and ions, so that -[ V, -Voi]>s Cl,. In general, it is not allowable to neglect the ion contribution to the dispersion relation when calculating the effect of guiding centre shear, as was suggested by ZHELEZNYAKOV and RUKHADZE ( 1 97 2). The list of instabilities derived above from (21) is by no means exhaustive, but will serve as an example for the effects of guiding centre velocity shear on electrostatic waves.
An important special case is when there is no drift between ions and electrons, i.e. V,(x) = Voi(x), 5, = --ti. It can then easily be seen that the terms involving 6, and ti in dispersion relation (21) 
mi

B. Electromagnetic waves
We shall only consider the case 0 2 , >> 1, zo, << 1, hi,, + 0, -<< 1, VJO) = 0, v, = U(X).
ai
The electrons drift with velocity U with respect to the ions. Taking the P = 0, *l ion terms and the P = 0 electron terms (drift limit) into account, (10) reduces to:
The resulting dispersion relation (13) is very complicated, but can be simplified in a number of cases.
and use
We assume ti >>-
(1) U = 0, no current in the plasma.
The dispersion relation then becomes:
where: v, = (TJq)'".
The term in the first bracket is a modified drift-AlfvCn wave. The condition for instability reads:
The density gradient is again seen to be stabilizing. difficult to drive the AlfvCn wave unstable since When we compare (28) with the electrostatic case, we see it is much more uA2 2 -=->>
1.
We wish to remark here that a dispersion relation for the drif-AlfvCn wave with ion guiding centre shear has been derived by DOBROWOLNY (1972) from a fluid treatment.
Although the effect found by the author is of the same order of magnitude as Dobrowolny's result, the functional dependence of the dispersion relation on ti is different, Dobrowolny findbg kifvA2 for the last term of the dispersion relation. No explanation for this difference is given, although we surmise that it is due to the very approximate way finite Larmor radius effects are taken into account in this reference. The term in the second bracket of (27) can be seen to correspond to the essentially electrostatic low frequency mode treated in Section A.
(2) we* = wi* = 0, no density gradient in the plasma, & = 0, V, = U(x)., The dispersion relation now becomes:
The term in the fist bracket again represents the (modified) AlfvCn wave, which becomes unstable when Therefore, shear in the relative velocity between ions and electrons is much more effective in destabilizing the AlfvCn mode.
DISCUSSION
The results presented above could be of relevance to both experimental and astrophysical plasma's. The finite size of experimental plasma arrangements, such as electron beams, inevitably gives rise to inhomogeneous velocity and/or current profiles. Kelvin-Helmholz-like instabilities have been invoked in explaining the observed interaction between the solar wind and cometary tails (DOBROWOLNY and D'ANGELO, 1972) .
Anomalous transport, such as turbulence-induced particle diffusion or viscosity are of importance to turbulent heating experiments (HIROSE and ALEXEFF, 1973) or the viscous interaction between the magnetospheric boundary and the solar wind (EVIATAR and WOLF, 1968; TSUDA, 1967; HASEGAWA and MIMA, 1978) .
At this point we shall confine ourselves to anomalous viscosity resulting from electrostatic turbulence. This can be calculated from standard quasi-linear theory,
In the drift limit w<<nUyL 2T;<< 1) the quasi-linear equation can be written (SAGDEEV and GALEEV, 1979, Section 2.5):
( minu where: the electric potential averaged over the particle orbit, Jo = zero order Bessel function, and all other symbols have their usual meaning.
Anomalous viscosity comes from the second term in the operator Lk' . Taking for the equilibrium distribution function f,,,, the drifting Maxwellian as given by (8), multiplying (31) by oI1 and integrating over velocity space, we find a contribution to the resulting equation which behaves as viscosity:
where we have used EL = ikl$, and assumed V , = 0 in the frame where we are calculating.
Expression (32) can be directly evaluated in two cases:
(1) 0 < y << -kllUll(. It has been shown that electrostatic and electromagnetic waves can become unstable due to sheared guiding centre drift. In all cases the instability is most effective for parallel wavenumbers kll which give 5 2 : 1, or equivalently since the maximum allowable velocity shear is of the order of the thermal velocity across a distance of the order of a Larmor radius for the derivation to be valid, this means that kll< k, and flute-like modes will be the most unstable.
It has been shown that for electron plasma waves and drift-AlfvCn waves shear in the relative veIocity of the guiding centres of ions and electrons will destabilize the waves most effectively.
